The purpose of this work is to create indices to represent the atmospheric conditions throughout Japan based on frontal zone data at 5-day intervals for the period 1948−2013. The index was created by conducting principal component analyses of the distribution of frontal frequencies near frontal zones. The distribution of the factor loadings were interpreted as variations of the frontal zone in the following manner: PC1, northward/southward shift of the frontal zone; PC2, increase/decrease of frontal frequencies near the frontal zone; PC3, the extending direction of the frontal zone, whether northwest-southeast or southwest-northeast; and PC4, west-east variations of the frontal frequencies near the frontal zone. The result of correlation analyses between the indices defined as the factor scores and those representing global climatic and oceanic phenomena or teleconnection patterns revealed, in detail, periods with strong connections and comprehensive relationships reported by previous works. Furthermore, trends were found in the recent climate, such as southward shift of the frontal zones in mid-and late spring and increased frontal frequencies around frontal zones in mid-and late summer.
Introduction
Japan is characterized by a typical mid-latitude and east coast continental climate, which leads to a large meridional range in the migration of the frontal zone and large seasonal changes each year. Previous works have investigated the seasonal changes in Japan from two viewpoints. One is by focusing on the seasonal discontinuity of some meteorological elements, such as air temperature, precipitation, and sunshine duration (e.g., Kimura 1967; Maejima 1967 ). The other is by focusing on the frequencies of the atmospheric circulation patterns defined in different works, e.g., daily weather maps (Yamakawa 1988 ) and the distribution pattern of frontal frequencies (Takahashi 2009) , and discussing climate variations from the viewpoint of the seasonal progression. The latter viewpoint is effective for interpreting the regional climate variation from transitions in the large-scale environment.
However, in many previous works, comparing the year-to-year advance or delay of seasonal progression has been problematic because the seasons defined using the atmospheric circulation patterns often appear in quite a different order from year to year. Investigation of climate variations in Japan considering the yearto-year variability in seasonal progression requires the development of some indices to express the atmospheric circulations over Japan. The purpose of this work is to create such indices to represent the behavior of the frontal zone around Japan and to describe the climate changes in Japan at pentad (5-day) intervals for the period 1948−2013, and to use the indices to demonstrate the interannual and long-term climate changes.
Data and method
The frontal zone data set used in this work was created using the objective method proposed by Takahashi (2013) . In this method, the existence of fronts was examined every 6 h and every 2.5° of latitude-longitude on a grid covering Japan, and was decided using the specific conditions of equivalent temperature and potential equivalent temperature at 850 hPa calculated based on temperature and relative humidity data from NCEP-NCAR (National Centers for Environmental Prediction-National Center for Atmospheric Research) reanalysis data. These data were aggregated by pentad for the range of 110°E−170°E and 15°N−55°N, for the period 1948−2013, and were utilized as the frontal frequencies defined as a percentage in each weather map and each grid. Details of the data set can be found in Takahashi (2013) . In this work, the behavior of the frontal zone is regarded to reflect the atmospheric conditions throughout Japan, and in order to create indices for describing it, principal component analysis (PCA) was conducted on the anomalous fields of the frontal frequencies based on the climatology (1948−2013) . Figure 1 illustrates the practical procedures used to handle the analytical data, for instance of P46 ("P" means pentad number, 
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over Japan Using Frontal Zone Indices Nobuto Takahashi School of Food, Agricultural and Environmental Sciences, Miyagi University, Miyagi, Japan Corresponding author: Nobuto Takahashi, Miyagi University, 2-2-1 Hatatate, Taihaku-ku, Sendai-shi, Miyagi 982-0215, Japan. E-mail: nobuto @myu.ac.jp. ©2015, the Meteorological Society of Japan. indicate that the frontal zone extends zonally/meridionally compared to that in the climatology. 4) PC4 (Fig. 2d ): Since positive and negative values are found on the west and east sides of the frontal zone, respectively, positive/negative scores are interpreted to mean that the frontal frequencies are higher in the western/eastern part of the frontal zone.
Interannual variations of indices
The interannual relationships between the PCA scores and the global climatic or oceanic phenomena were examined using correlation analysis. Here, several major indices that had statistically significant relationships with the PCA scores, were selected, i.e., indices monitored and published by the Japan Meteorological Agency (JMA), such as the Southern Oscillation Index (SOI), Niño-3, Niño-west, and Indian Ocean Basin-wide (IOBW) sea surface temperature (SST) index obtained from the JMA website; indices of the teleconnection patterns associated with the climate in Japan, such as the Western Pacific (WP) and Pacific/North America (PNA) patterns in boreal wintertime obtained from the NOAA Climate Prediction Center (CPC), and Pacific-Japan (PJ) and Western Japan (WJ) patterns in boreal summertime created by the simple method proposed by Wakabayashi and Kawamura (2004) using NCEP/NCAR reanalysis; and indices of atmospheric or oceanic oscillations such as Arctic oscillations (AO) and Pacific decadal Oscillation (PDO) obtained from NOAA CPC. Such major indices were utilized as pentad values by aggregating or interpolating from the original daily, monthly, or 5-month running mean value. Figure 3 shows the seasonal transition of correlation coefficients between the PCA scores and eight major indices. The squares on the line indicate statistical significance at the 99% confidence level. Moreover, the behavior of the frontal zone, as interpreted from the distributions of factor loadings and scores, when each major index indicates a positive value, is summarized in Table 1 . This table includes the results of time-lagged correlation analyses, which are significant at the 99% confidence level in three or more consecutive pentads, while allowing a discontinuity over one or two pentads. The numbers in parentheses in the top row of the table indicate the number of pentads before the major indices were utilized for time-lagged correlation analyses. For instance, "52−54" and "↓" in the entry for Niño-3 SST and LAG(18) indicate significant correlation between the PC1 score at P52, 53, and 54, and the Niño-3 SST index (5-month running mean) at P34, 35, and 36, respectively, indicating a southward shift of the frontal zone during the positive phase of the Niño-3 SST index. Figure 3a shows the relationships between the PC1 score and the Niño-3 SST index. The negative coefficients for the period P40−54 (July 15−September 27) and positive coefficients for the period P63−11 (November 7−February 24) are interpreted as an abnormal southward/northward shift of the frontal zone from summer to autumn, and an abnormal northward/southward shift from winter to spring, which correspond to the well-known characteristics of a cooler/hotter summer and warmer/colder winter when El Niño/La Niña events occur (e.g., JMA 2005). In particular, most of the significant correlations P1−3 (January 1−15) and P8−11 are also seen in other indices related to El Niño/La Niña events such as the Niño-west SST index and SOI, and in their time-lagged correlation coefficients of 6 or 18 pentads before shown in Fig. 3b or Table 1 , although they are opposite in sign, and the periods are somewhat different among the indices. The relationships between the PC1 scores and IOBW SST also indicate similar characteristics of the Niño-3 SST index (not shown in figure) , except that the significant time-lagged correlation are limited to P9−12 (February 10−March 1) ( Table 1) . For the relationships between the PC2 scores and the Niño-3 SST index (Fig. 3a) or SOI (Fig. 3b) , significant correlations are found in most of the autumn season, for the period P55−60 (September 28−October 27), indicating lower/higher frontal frequencies near the region west of 125°E, this definition was made for the limited range of 15°N−40°N to exclude the northern frontal zone. The anomalies of the frontal frequencies can be drawn, as shown in Fig. 1c , from the differences between Figs. 1a, b. In conducting the PCA, the study areas were limited to the range of 120°E− 150°E and a latitudinal width of 20° based on the frontal zone at each longitude (areas enclosed by green lines in Figs. 1c, d ). Before the PCA, a 3-pentad running mean temporal filter and a 3 × 3 grid spatial average filter were applied to the frontal frequencies, in order to smooth the seasonal progression of the frontal frequencies. Accordingly, 4,816 (66 years × 73 pentads ˗ 2) maps of frontal frequency anomalies from the pentad climatology, as shown in Fig. 1d , were prepared and analyzed by PCA using the variance-covariance matrix. The PCA scores were then used as indices to represent the behavior of the frontal zone around Japan.
Creating indices of the frontal zone
In this work, the focus was on the first four principal components (PCs) because only they had large areas of large factor loading such as more/less than +0.3/−0.3. Figure 2 shows the distributions for the factor loadings of the first four PCs (PC1−4). The contribution rates of PC1−4 were, respectively, 30.7%, 18.0%, 10.4%, and 7.0%, and their cumulative variance contribution ratio was 66.1%. The characteristics of the four PCs can be summarized as follows.
1) PC1 (Fig. 2a ): Positive and negative values are arranged parallel to the frontal zone (zero of y-axis) on the north and south sides, respectively. Positive/negative values of the factor scores are interpreted to indicate the northward/southward shift of the frontal zone.
2) PC2 (Fig. 2b) : Since negative values are spread near the frontal zone, positive/negative scores are interpreted to indicate whether the frontal frequencies are lower/higher near the frontal zone than in the climatology.
3) PC3 (Fig. 2c ): Positive and negative values are located in the northwest and southeast sides and in the southwest and northeast sides bordering the frontal zone, respectively. PC3 is considered to indicate the extending direction of the frontal zone, whether northwest-southeast or southwest-northeast. Since the frontal zone runs from west-southwest to east-northeast around Japan on average (not shown in figure) , positive/negative scores Fig. 2 . Distribution of factor loadings. Each contribution rate is indicated in parenthesis.
the frontal zone when El Niño/La Niña events occur. Around the same periods, significant negative correlations between the PC3 scores and Niño-west SST index and SOI are seen, which means that the frontal zone extends southwest-northeast/northwestsoutheast compared with the climatology when El Niño/La Niña events occur.
Attention should be focused on the relationships between the scores and teleconnection indices for the respective dominant season. Regarding wintertime teleconnection patterns of PNA and WP (Figs. 3c, d ), the PC1 scores have more significant correlations with the WP index than with the PNA index for most of the winter, which corresponds to the anomalous northward/southward shift of the frontal zone during the positive/negative phase of the WP index. For the PNA index (Fig. 3c ), significant negative correlations are found in the relationships with PC2 scores for the period P71−73 (December 17−31), reflecting higher/lower frequencies during the positive/negative phases of the PNA index. Turning to the summertime teleconnection patterns of PJ and WJ (Figs. 3e, f ) , both indices are correlated with the PC1 scores for most of the summer, although there are some short periods of noncorrelation. The PC3 score also has a strong negative correlation with the PJ index (Fig. 3e) for most of the year, especially in the Baiu season (June to July), which means that the frontal zone inclines southwest-northeast/northwest-southeast compared with the climatology during the positive/negative phase of the PJ index. In addition, there are no significant correlations between any of the scores and teleconnection indices of Europe-Japan 1 (EJ1) or EJ2 (Wakabayashi and Kawamura 2004) in the summer (not shown in figure) . Furthermore, almost no significant time-lagged correlations are found in these teleconnection indices (the cases of WJ and PJ are not listed in Table 1 because they showed no significance). Finally, the relationships between the scores and the AO or PDO index (Figs. 3g, h ) exhibit the strong effects of PDO on the behavior of the frontal zone around Japan from spring to autumn, although the effects of AO are only seen in the case of PC1 for the period P50−52 (September 3−17). The frontal zone tends to shift southward/northward in summer to autumn during the positive/ negative phase of the PDO index, which is interpreted from the negative correlation of the PC1 scores. Moreover, the negative correlations of PC2 during P15−20 (March 12−April 10) and P37−39 (June 6−July 14) indicate that the frontal frequencies tend to be higher/lower in those periods during the positive/negative phase of the PDO index. Regarding AO, the index has a positive correlation with PC1 around September, indicating the anomalous northward/southward shift during the positive/negative phase of the AO index.
Trends of indices
The trends of the scores are detected using the non-parametric Mann-Kendall test (Kendall 1938) . Figure 4 shows the time series of Kendall's τ, which is a measure of correlation ranging from -1 to 1 and indicates the strength of the trend, calculated from the PC scores for the period 1948−2013. A positive/negative value indicates an increasing/decreasing trend, and a large/small absolute value indicates a strong/weak tendency.
Focusing on τ at a significance level of 99%, three periods are found and interpreted to indicate the following situations based on the distributions of factor loadings (Fig. 2) . The first is a decreasing trend in PC1 in the spring, for the period P21−30 (April 1− May 30). This characteristic indicates the southward shift of the frontal zone in recent years. The second is the decreasing trend in PC2 in mid-and late summer for the period P39−47 (July 10− August 23), which corresponds to the increasing trend in the frontal frequencies near the frontal zone. The third is the increasing trend in PC3 in summer for the period P36−47 (June 25−August 23), which indicates the frontal zone extends in the northwestsoutheast direction compared to the climatology around Japan in recent years. Because an artificial trend in a reanalysis data set can arise from changes in observational data quality that are assimilated, the trends observed here should be verified using observational data in future work. Table 1 . Summary of periods indicating statistically significant correlations at the 99% confidence level. The numbers in parentheses in the top row of the table indicate the number of pentads before the major indices were utilized for the time-lagged correlation analyses. The numbers in the table indicate the periods of the pentad number indicating statistical significance, while the numbers in square bracket in the table indicate pentads of no significance. Symbols of "↑" and "↓", "+" and "−", " ↑ " and " ↓ ", and "←" and "→" correspond to the northward/southward shift of the frontal zone associated with PC1, higher/lower frontal frequencies near the frontal zone associated with PC2, the expanding direction of the frontal zone in southwest-northeast/northwest-southeast associated with PC3, and the higher frontal frequencies in the western/eastern part of the frontal zone associated with PC4, respectively, during the positive phase of the major indices. Shaded areas indicate non-dominant season of the teleconnection pattern.
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Discussions
In this work, year-to-year variations in seasonal progression over Japan were examined using indices representing the behavior of the frontal zone around Japan. Investigation of the interannual relationships between the indices developed in this work, and several major indices of global climatic or oceanic phenomena, exhibited in detail the periods when the major indices affect the climate in Japan.
The behavior of the frontal zone interpreted from variations in the indices when El Niño/La Niña events occur exhibit the understandable characteristics of climate in Japan as revealed by previous works, e.g., the cooler/hotter summers and warmer/ colder winters (e.g., JMA 2005), and the lower/higher frontal frequencies around October (Takahashi 2013) . However, the high frontal frequencies around Japan in the summer following El Niño events (Wang et al. 2001) could not be found in the result of time-lagged correlation analyses. El Niño events are associated with the combination of the PNA and WP teleconnection patterns during winter (Kodera 1998) . The result of the correlation analyses suggested that the influence of the WP pattern on the frontal zone around Japan during winter was larger than that of the PNA pattern. Both the PJ and WJ patterns during summer have large impacts on the frontal zone around Japan, although the statistical relationships indicate that the impacts are small for some periods. In particular, a robust feature of the Pacific high and its influence on Japan, manifested as a hot summer when the PJ pattern appears (Nitta 1987) , was consistent with the characteristics of the frontal zone, i.e., the anomalous northward shift and the southwest-northeast incline of the frontal zone during the positive phase of the PJ index, as suggested by the significant relationships with PC1 and PC3 in Fig. 3e . However, these teleconnection indices could not be the predictive signal because there was no significance in the result of the time-lagged correlation analyses (Table 1) . Although the AO affects the winter monsoon and brings colder winters to Japan (e.g., Yasunaka and Hanawa 2006) , its influence on the frontal zone is probably small (Fig. 3h) . During the positive/ negative phase of the PDO index, a southward/northward shift of the frontal zone from summer to autumn was found (Fig. 3g) . Comparing the indices of the time-lagged correlations in Table 1 , the effects of the PDO index on the PC1 score from June to July appears from a long time before such as 36 pentads (180 days) before, because the PDO is a stable and persistent phenomenon compared to other indices (Mantua et al. 1997) .
Regarding the long-term trends of the southward shift of the frontal zone in the mid-and late spring, anomalous northward shifts of the frontal zone in the 1950s and 1960s were found (not shown in figure) , which correspond to the characteristics of the decreased duration of sunshine during late spring in the 1950s and 1960s compared to the 1980s and 1990s as reported by Inoue and Matsumoto (2003) . The characteristic trends in summer, i.e., the increase of the frontal frequencies and the frontal zone extending in direction of northwest-southeast in recent years, could have a large effect on the climate in Japan in summer. Since the observational data quality has changed dramatically in this period, a careful examination of the validity of the results must be required in future work.
Thus, in this work, the various interannual and long-term characteristics of the climate in Japan were revealed from the behavior of the frontal zone. The background of the interannual variations and the long-term trends of the indices revealed in this work, as well as their interactive effects, must be investigated in future research.
